Abstract Purpose: Our preferred treatment for juxtapapillary choroidal melanoma is stereotactic radiotherapy. We aim to describe our immobilization system and quantify its reproducibility. Materials and Methods: Patients were identified in our radiosurgery database. Patients were imaged at computed tomography simulator with an in-house system which allows visual monitoring of the eye as the patient fixates a small target. All patients were reimaged at least once prior to and/or during radiotherapy. The patients were treated on the CyberKnife system, 60 Gy in 10 daily fractions, using skull tracking in conjunction with our visual monitoring system. In order to quantify the reproducibility of the eye immobilization system, computed tomography scans were coregistered using rigid 6-dimensional skull registration. Using the coregistered scans, x, y, and z displacements of the lens/optic nerve insertion were measured. From these displacements, 3-dimensional vectors were calculated. Results: Thirty-four patients were treated from October 2010 to September 2015. Thirty-nine coregistrations were performed using 73 scans (2-3 scans per patient). The mean displacements of lens and optic nerve insertion were 0.1 and 0.0 mm. The median 3-dimensional displacements (absolute value) of lens and nerve insertion were 0.8 and 0.7 mm (standard deviation: 0.5 and 0.6 mm). Ninety-eight percent of 3-dimensional displacements were below 2 mm (maximum 2.4 mm). The calculated planning target volume (PTV) margins were 0.8, 1.4, and 1.5 mm in the anterior-posterior, craniocaudal, and right-left axes, respectively. Following this analysis, no further changes have been applied to our planning margin of 2 to 2.5 mm as it is also meant to account for uncertainties in magnetic resonance imaging to computed tomography registration, skull tracking, and also contouring variability. Conclusion: We have found our stereotactic eye immobilization system to be highly reproducible (<1 mm) and free of systematic error.
Introduction
Ocular melanoma is a rare disease. The incidence in Canada is approximately 0.7 per 100 000 population per year. This represents approximately 385 cases per year in Canada and 80 cases in the province of Quebec-most of which will be referred to our institution. 1 The reported incidence in the United States is similar, approximately 0.5 new cases per 100 000 population. 2, 3 When treatment is required, small-and medium-sized tumors can be addressed using a wide range of local treatment modalities. Although enucleation remains an appropriate option for selected patients, the Collaborative Ocular Melanoma Study confirmed that organ preservation with radiotherapy can be attempted without impacting overall survival. 4 Based on tumor size, tumor location, patient preference, treatment availability, and the physician's opinion, patients can be offered treatment with laser (including transpupillary thermotherapy), plaque radiotherapy, 5 proton therapy, 6 radiosurgery, stereotactic radiotherapy, 7 or endoresection. In our practice, we choose to offer plaque brachytherapy to most patients but prefer stereotactic radiation for juxtapapillary tumors. The CyberKnife robotic radiosurgery platform is selected to deliver a high dose of radiation in few fractions to a small well-defined target volume within the eye. 8, 9 Similar to other radiosurgery platforms, the CyberKnife can accurately target structures having a rigid relationship to the skull; however, it does not provide a means to track eye movement. We achieve eye immobilization using an in-house system of which we sought to characterize the reproducibility. The more accurate and stable the eye fixation system, the tighter the planning margins and therefore the smaller the volume of normal retina to be irradiated.
Methods
This study was approved by our local ethics review board, and specific consent was obtained for photographing an actual patient setup. We retrospectively identified patients treated from October 2010 through September 2015 with fractionated stereotactic radiotherapy for a choroidal melanoma. As previously described, patients underwent a planning magnetic resonance imaging (MRI) during which motion was attenuated by having the patient focus on a dot within a multichannel head coil. Two sequences are obtained, a thin-slice volumetric Dixon sequence and a fast 3-dimensional (3-D) gradient-echo gadolinium-enhanced sequence. It is at computed tomography (CT) simulation that our custom immobilization device was used. All patients are immobilized supine in a standard thermoplastic mask with a cutout for the affected eye (for patients unable to see with the diseased eye, immobilization is based on the seeing eye). Our device provides a light-emitting diode (LED) for the patient to focus on-the position of which can be recorded and reproduced (Figure 1) . A camera system allows monitoring of patient compliance. At simulation, the position of the iris is marked on a transparency overlaid on the video monitor linked to the device's camera. The simulation CT is acquired with 1-mm slice spacing and a field of view sufficient to visualize the entire immobilization device. In the planning system (Multiplan; Accuray, Sunnyvale, California), CT and both MRI sequences are manually coregistered using the insertion and the optic nerve and lens as principle landmarks (the dot used in the MRI only insures gross similarity in preregistration ocular orientation and aids in reducing motion artifacts). The gross tumor volume (GTV) is segmented using both MRI sequences and fundus schema. A 2-to 2.5-mm planning target volume (PTV) margin is added, which is trimmed where it obviously extends beyond the sclera. Organs at risk (oral cavity, contralateral eye, ipsilateral lens, optic nerve, and lachrymal gland) are contoured, the collimator is selected, and beam paths passing through the immobilization device are blocked. The plan is optimized using our previously described methodology. 9 Prior to treatment, the mask and device are brought to the linear accelerator to confirm that no collisions are possible. The patients were all treated in 10 daily fractions of 6 Gy. Each day, eye position was confirmed to coincide with the patientspecific transparency from simulation. The therapists thus continuously monitored patient compliance during treatment with the ability to interrupt treatment in case of noncompliance. As a typical fraction would last half an hour, the patients were given multiple breaks to rest their eye. As a quality assurance measure of our system, all patients were reimaged at least once prior to and/or during radiotherapy. In order to quantify the reproducibility of the eye immobilization system, CT scans were coregistered using rigid 6-D registration (Eclipse; Varian Medical Systems, Palo Alto, California). With the scans coregistered, x, y, and z displacements of the lens/optic nerve insertion were measured manually in 3-D (Figure 2 ). From these displacements, 3-D vectors were calculated. We calculated the PTV margin, which would account for 98% of this uncertainty, using a published 2-parameter model (2.27 Â S p ).
10,11
Results Thirty-four patients were identified (Table 1) ; 39 coregistrations were performed using 73 scans (2-3 scans per patient). Thirty-one patients fixed the LED with the diseased eyed and 3 patients with the contralateral eye. All patients were treated with CyberKnife stereotactic radiotherapy with a median number of fields of 79 (148-50) delivered during a median of 36 minutes (59-26 minutes). The median number of days between image sets was 15 (6-42 days). Based on measurements in the coregistered scans, the mean displacements of lens and optic nerve insertion were 0.1 and 0.0 mm. There was thus no systemic shift in eye position from planning to treatment. The median 3-D vectors (absolute value) of the lens and optic nerve insertion were 0.8 and 0.7 mm (standard deviation: 0.5 and 0.6 mm). Ninety-eight percent of 3-D displacements was below 2 mm (maximum 2.4 mm; Figure 3 ).
Using the 2-parameter model, the calculated PTV margins were 0.8, 1.4, and 1.5 mm in the anterior-posterior, craniocaudal, and right-left axes, respectively.
Discussion
High-precision cranial radiosurgery and stereotactic radiotherapy have long been possible through more or less invasive immobilization of the skull. The role of immobilization systems has changed with the advent of image-guided radiation (IGRT). In the era of IGRT, cranial immobilization needs only reproducing a head position close enough to that at simulation in order to allow correction at the treatment device. The system should not interfere with imaging and should limit movement during treatment.
The treatment of intraocular tumors is complicated by potential movement of the eye relative to the skull. 12, 13 Intraocular tumors are often difficult to visualize even on diagnostic imaging, and thus surrogates for the tumor are used in IGRT. Position of the tumor is inferred from the position of the eye as a whole, the iris, or implanted markers. Ocular motion is mostly rotational, although there may be minor translations. Translation is mostly in the horizontal axis as Whitnall's ligament above and Lockwood's ligament below limit vertical translation. [14] [15] [16] In general, systems for eye immobilization can be dichotomized as invasive or noninvasive. An exception would be the tantalum buttons which are sutured around the tumor in proton therapy. Although cumbersome to implant, these are easily discerned on 2-D image guidance X-ray images. 17 The systems which require contact with the patient include those using retrobulbar or peribulbar anesthesia, installation of custom contact lenses, 18 suction fixation devices, 14 or suturing of the anterior sclera to a conventional radiosurgery frame. 19 Noninvasive systems typically combine a standard means of immobilizing the head, a target for the patient to fixate, and a means of monitoring compliance through visualization of the iris. Daftari et al have described such a system using a standard thermoplastic mask and 2 articulated plastic arms. An LED is attached to 1 arm and a mirror mounted to the second. A closed-circuit television (CCTV) is used to monitor the pupil from the treatment console. 20 The general principle of this device is similar to ours; however, our device is indexed and compact. Our device is attached to the mask system, with indexing providing a means to verify that diode and camera do not move (as well as allowing the treatment of multiple concurrent patients). Other such devices have been described with variations in the immobilization system, fixation target, and monitoring system. 12, 21, 22 With current IGRT technology (including the stereoscopic system used in the CyberKnife), aggressive immobilization of the head with dental plates would now appear superfluous. 23 In the published descriptions of ocular immobilization systems, the accuracy is typically not evaluated in patients or may be based on theoretical correlations between pupillary stability and treatment accuracy. One exception is the report of Buchgeister et al. 15 In this report, an invasive Brown-Roberts-Wells (BRW) headring is coupled with a set of goggles that support a light for the patient to fix. Twenty patients were scanned twice, and the 2-D (right-left and up-down) position of the insertion of the optic nerve was compared on the paired scans. The average displacement was 0.7 mm with a maximum of 2.4 mm. Although this immobilization system is no longer relevant today, the findings are in keeping with our own.
More sophisticated methods have been proposed for eye tracking and eye tracking systems (ETS). There is ample work done in tracking eyes during interaction with computer screens, and the relevant principles have been translated to radiotherapy. An example ETS used 3-D video-oculography to detect ocular features on a video stream coming from a pair of calibrated cameras. The glints and the pupil center are recognized on the calibrated camera images and their 3-D position calculated through triangulation. Eye torsion is thus also assessed and taken into account. The coordinates of the tumor with respect to the eye local reference system are estimated during treatment planning. 24 Although such systems may improve accuracy by a fraction of a millimeter, the rarity of ocular tumors makes it highly unlikely that sophisticated systems will be commercialized or acquired by radiotherapy departments. We present an extensive quantitative clinical evaluation of a noninvasive ocular immobilization system. We have found our simple system to be satisfactorily accurate-this is in part due to the fact that we record and verify the position of the eye fixation target. Although we have implemented our system with a specific fractionation scheme and delivery device, our findings translate to a wider range of stereotactic ocular treatments. Our patients had tumors near the optic nerve, but the magnitude of the potential 3-D displacement should be the same everywhere along the outer surface of the eyeball as it is essentially a rigid structure. Our technique can certainly be further refined. For example, we now allow the mask to dry at least 24 hours prior to simulation to allow for maximal shrinkage presimulation. After having treated more than 50 patients, our confidence in the system has improved to a point where the midtreatment resimulation may be unnecessary in order to reassure us that the setup is stable. The position of our device was similar for all patients and was chosen to minimize interference with imaging and treatment. However, for selected patients with lateral tumors, there may be a benefit to optimizing gaze in order to better spare the lachrymal gland. Our quantitative data using 3-D vectors indicated that our system was highly reproducible. The PTV margins we use would be excessive if they aimed only to account for immobilization of the eye and targeting accuracy. Following this work, we have not changed our GTV to PTV margin of 2 to 3 mm as it is also meant to account for uncertainties in planning MRI to CT registration, skull tracking, and also contouring variability.
Conclusion
A simple in-house indexed monitoring system is used for ocular stereotactic radiotherapy. When patients were reimaged with the device, there was no systematic shift and the median 3-D vectors (absolute value) of the displacements of the lens and optic nerve insertion (relative to the skull) were 0.8 and 0.7 mm. Ninety-eight percent of the 3-D displacements were below 2 mm. We continue to use this device in daily practice.
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